Abstract Autoimmune diseases including multiple sclerosis predominantly affect females. Although high levels of sex hormones, particularly estrogen (E2), can reduce proinflammatory immune responses, it remains unclear if a lack of endogenous sex hormones might affect treatment with exogenous sex hormones. Pretreatment with E2 almost completely prevents intact female and male mice from developing clinical and histological signs of experimental autoimmune encephalomyelitis (EAE) by promoting various regulatory immune cell phenotypes. To evaluate the effects of exogenous estrogen in the absence of endogenous sex hormones, the current study compared EAE severity and the emergence of different immunoregulatory cell populations after E2 pretreatment of ovariectomized (OVX) female versus male mice. We found that E2 equally protected both OVX females and males from EAE over a 21 day observation period concomitant with reduced total cell numbers in spleen and spinal cord (males only), but enhanced percentages of CD19 
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Higher levels of estrogen, however, can promote a more antiinflammatory response (Straub 2007) . This is thought to be why women with autoimmune diseases, especially MS, experience a decrease in relapses during pregnancy due to elevated levels of estrogen (Confavreux et al. 1998) . This observation has led to research into how high dose estrogen can protect female mice from experimental autoimmune encephalomyelitis (EAE), a mouse model of MS. Pregnancy levels of 17β-estradiol (E2) protect female mice from developing EAE, as do middle range levels of E2 (Bebo et al. 2001; Offner and Polanczyk 2006; Polanczyk et al. 2006; Wang et al. 2009 ). E2 also regulates the immune system by increasing regulatory B and T cells (Benedek et al. 2016; Polanczyk et al. 2005) . Treatment with E2 does not change the frequency of splenic B cells but it does shift the frequency of multiple regulatory B cell (Breg) subsets, including B10, Tim-1 + , and plasmablasts, (Benedek et al. 2016 ) all of which produce IL-10 and can modulate T cell function (Ding et al. 2011; Iwata et al. 2011; Matsumoto et al. 2014; Matsushita et al. 2010) . B10 cells also up regulate the expression of programmed death ligand 1 (PD-L1) which is critical for E2 dependent protection from EAE (Bodhankar et al. 2013; Zhang et al. 2015) . In addition to increasing regulatory lymphocytes, E2 treatment also increases anti-inflammatory macrophages (Benedek et al. 2017) . Male C57BL/6 mice are also protected from EAE when pretreated with E2 (Matejuk et al. 2005) .
The goal of this study was to determine if the mechanism by which male mice are equally protected from EAE by middle range E2 pre-treatment was similar as that in female mice and to see if endogenous estrogen was necessary for protection in female mice. To avoid estrogen fluctuation during cycling in females, E2 pre-treatment was carried out in ovariectomized (OVX) female mice during EAE. Male and OVX female mice were protected from developing EAE when pretreated with E2. Additionally E2 increased splenic regulatory B cells and anti-inflammatory macrophages. Differential effects on splenic immune cell populations and the expression of PD-L1 on B cells were dependent on sex. The frequency of CD4 regulatory T cells (Treg) was increased in both male and intact female E2 treated mice but there was a decrease in the frequency of CD4 Treg cells in OVX female mice treated with E2 during EAE.
Methods Animals
Male, female, and ovariectomized (OVX) female C57BL/6 mice (8-10 weeks old) were purchased from The Jackson Laboratory (Sacramento, CA). In order to allow complete recovery from the operation, ovariectomized females were housed for two weeks before starting any procedure. All mice were housed in climate controlled settings at the Animal Resource Facility at the VAPHCS and kept on a 12 h light/ dark cycle. Mice were given food and water ad libitum. This study was conducted in accordance with the NIH guidelines for the use of experimental animals and the VAPORHCS Animal Care and Use Committee approved protocols.
Hormone treatment and induction of EAE
Male, OVX female, and intact female C57BL/6 mice were implanted subcutaneously with 2.5 mg/60-day release 17β-estradiol pellets ( All mice were monitored daily for clinical signs of EAE disease progression and scored using the following scale: 0 = normal; 1 = limp tail or mild hind limb weakness; 2 = moderate hind limb weakness or mild ataxia; 3 = moderately severe hind limb weakness; 4 = severe hind limb weakness or mild forelimb weakness or moderate ataxia; 5 = paraplegia with no more than moderate forelimb weakness; 6 = paraplegia with severe forelimb weakness or severe ataxia or moribund condition. Mice were scored daily and evaluated for incidence of disease, day of disease onset, day of maximal clinical signs (peak), and total disease score over the course of the experiment (cumulative disease index, CDI). Mean ± SEM were calculated for these parameters for each experimental group.
Leukocyte isolation from the spleen and spinal cord
Spleens and spinal cords were collected from mice 21 days post-immunization. Spleens were processed into single cell suspensions by passing the spleen through a 100 μm nylon mesh (BD Falcon, Bedford, MA) into RPMI 1640. Red blood cells were lysed with 1× red cell lysis buffer (eBioscience, Inc., San Diego, CA). After being washed with RPMI 1640 the cells were counted on a Cellometer Auto T4 cell counter (Nexcelom, Lawrence, MA). Cells were centrifuged and resuspended in staining buffer (PBS with 0.1% NaN 3 and 1% bovine serum albumin) for staining.
Spinal cords were passed through a 100 μm nylon mesh (BD Falcon) and washed with RPMI 1640. Pelleted cells were resuspended in 80% Percoll (GE Healthcare, Pittsburgh, PA) and overlaid with 40% Percoll to establish a density gradient and centrifuged at 1600 rpm for 30 min as previously described (Campanella et al. 2002) . Leukocytes were collected from the resultant interface, counted, and resuspended in staining buffer for FACS analysis.
Flow cytometry
For flow cytometry, cells were placed in staining buffer at a concentration of 1 × 10 6 cells/ml for splenocytes and 2 × 10 5 cells/ml for spinal cords. Cells were blocked with rat anti-mouse CD16/CD32 Mouse BD Fc Block™ (BD Bioscience, San Jose, CA) and then incubated, protected from light, with various combinations of fluorescently tagged antibodies. To assess cell survival, 7-aminoactinomycin D (7AAD) viability dye was used in some samples. For intracellular and FoxP3 staining, the samples were fixed with 4% paraformaldehyde and washed. FoxP3 staining was done using the fixation/permeabilization reagents per the manufacturer's instructions (eBioscience). For intracellular staining, cells were resuspended in 1× permeabilization buffer (BD Bioscience) and incubated with antibodies or isotype controls. The samples were then run on a BD AccuriTM C6 (BD Bioscience) under a four color (FITC, PE, PerCP/PECy5.5, and APC) fluorescence flow cytometry analysis.
The following antibodies were used: 3) (Biolegend), and PE-ARG1 (R&D Systems, Minneapolis, MN).
Statistics
Data were analyzed using Prism software (GraphPad Software, La Jolla, CA) using Mann-Whitney U test for determining significance for disease course. Splenocyte and spinal cord cell counts were analyzed using an ANOVA with a Bonferroni's post-hoc test. All other data were analyzed using a Student's t-test. A p value of ≤0.05 was considered significant. Data are represented by mean ± standard error of the mean (SEM) and all analyses were done blinded.
Results
E2 protects male and OVX female mice from EAE E2 pretreatment protected intact female C57BL/6 mice, as previously reported (Benedek et al. 2016) . Male and OVX female C57BL/6 mice were also significantly protected from EAE when E2 was administered 7 days prior to the induction of EAE compared to sham treated controls (Fig. 1a, p<0 .05). There was also a significant decrease in the number of leukocytes present in the spinal cords of male mice treated with E2 compared to sham (Fig. 1b, p<0 .001). OVX female mice treated with E2 had lower leukocyte counts in the spinal cords that did not reach significance compared to OVX sham treated mice. Additionally, E2 treatment significantly decreased splenocytes counts in male and OVX female mice compared to sham treated male or OVX female mice, respectively, (Fig. 1c, p<0 .05) and sham treated OVX female mice had ) was unchanged with E2 treatment during EAE in intact (Benedek et al. 2016 ) and OVX females (Fig. 2a) compared to E2 treated male mice that had a significance increase in the frequency of B cells (CD19 + ) compared to sham treated males (Fig. 2b, p<0.05 ). Female mice, intact (Benedek et al. 2016) or OVX (Fig. 2a, p<0 .05) treated with E2 had a significant decrease in the frequency of CD4 + T cells. The frequency of CD4 + T cells was unchanged in male mice treated with E2 compared to sham treated mice (Fig. 2b) . Unlike B cells and T cells, the frequency of CD11b + (monocytes/macrophages) was significantly decreased in E2 treated OVX females and males (Fig. 2a, p<0 .05 and Fig. 2b, p<0 .0001), respectively, whereas intact female mice showed no significant difference in the frequency of CD11b + cells between E2 and sham treated mice (Benedek et al. 2016 ).
Regulatory B cell subtypes are increased in E2 treated male and OVX female mice E2 is known to upregulate various subtypes of Breg cells in the spleen of intact female mice (Benedek et al. 2016 ) all of which produce IL-10 and can suppress the effects of T cells (Ding et al. 2011; Iwata et al. 2011; Matsumoto et al. 2014; Matsushita et al. 2010 ). Both OVX female (Fig. 3a) and male mice (Fig. 3b) had a significant increase in the frequency of B10 (p < 0.0001), Tim-1 + B cells (p < 0.001 and p < 0.05 respectively) and plasmablasts (p < 0.05 and p < 0.0001, respectively) in E2 treated mice compared to sham treated mice. In addition to secreting IL-10, B10 cells also up regulate the expression of PD-L1 which is important in E2 protection against EAE (Bodhankar et al. 2013; Zhang et al. 2015) . Both intact females (Benedek et al. 2016) and OVX females treated with E2 had a significantly increased frequency of CD19 + PD-L1 hi cells in the spleen compared to sham treated mice (Fig. 3a, p<0.0001 ). There was no difference in frequency of CD19 + PD-L1 hi cells in E2 or sham treated male mice (Fig. 3b) .
Regulatory CD4 T cells are upregulated in E2 treated male and female mice but not in OVX female mice, while E2 increased CD8 regulatory cells Sex hormones can regulate the expression of FoxP3, the transcription factor responsible for CD4 Treg cell differentiation (Walecki et al. 2015) . E2 treatment of intact female (Online Resource 1a, p < 0.05) and male mice (Fig. 4b, p<0 .05) prior to EAE resulted in a significant increase in the frequency of splenic CD4 + CD25 + FoxP3 + cells. OVX mice had a significant decrease in the frequency of CD4 + CD25 + FoxP3 + cells (Fig. 4a, p<0 .05). Both OVX females and males had a significant increase in the frequency of CD8 + CD122 + Treg cells (Fig. 4a,  p<0 .05 and Fig. 4b, p<0 .05). There was no difference in the frequency of CD8 + CD122 + T cells in intact female mice treated with E2 (Online Resource 1b). 
E2 upregulates anti-inflammatory macrophages in male and OVX female mice
It has been previously demonstrated that E2 treatment of intact female mice can induce a significant increase in the antiinflammatory macrophage markers CD206 and Arg-1 (Benedek et al. 2017) . Similarly both OVX female (Fig. 5a ) and male (Fig. 5b) mice treated with E2 displayed a significant increase in the frequency of CD206 (p < 0.05 and p < 0.0001, respectively) and Arg-1 (p < 0.05 and p < 0.0001, respectively) compared to sham treated mice.
Discussion
Sex hormones can influence the state of the immune system and this causes female and male immune systems to respond differently to immune challenges from pathogens and in Fig. 4 autoimmune diseases. While autoimmune diseases like MS affect women at a higher rate, men are still diagnosed with these types of diseases including MS. Despite testosterone having anti-inflammatory effects on the immune system it still does not protect men from developing MS or male mice from developing EAE. Moreover, administration of exogenous testosterone protects young male mice from EAE but does not protect middle aged mice (Matejuk et al. 2005) . The proinflammatory effects of low levels of estrogen (Straub 2007 ) is one of the reasons why women are more susceptible to MS and other autoimmune diseases. However, pregnancy levels of estrogen are protective in women (Confavreux et al. 1998; Straub 2007 ) and female mice (Bebo et al. 2001; Offner and Polanczyk 2006; Polanczyk et al. 2006; Wang et al. 2009 ). Additionally, high 5 mg doses of E2 protect young and middle aged male mice from EAE (Matejuk et al. 2005) . The current data demonstrate pretreatment with a middle range dosage of E2, 2.5 mg, protects male and OVX female mice from EAE just as it protects intact female mice (Bebo et al. 2001; Benedek et al. 2016) .
Male mice treated with E2 have a significant decrease in total leukocyte counts in the spinal cord compared to sham treatment. There was a similar trend in OVX female mice which did not reach significance. This suggests one way E2 protects against EAE is by reducing inflammation in the spinal cord from infiltrating leukocytes, whereas in the spleen there is a significant decrease in the total splenocyte counts in both E2 treated groups, male and OVX females, compared to their respective sham control group. Even sham treated OVX female mice had significantly lower splenocyte counts compared to male sham treated mice. This could indicate OVX female mice had more leukocytes released from the spleen than male mice or that male mice had increased leukocyte proliferation during EAE than OVX females. Intact female mice demonstrated no difference in splenocyte counts between E2 and sham groups (data not shown).
While splenocyte counts were reduced in both male and OVX female mice after E2 treatment there were still sex dependent effects on different leukocyte populations. Consistent with previously published data on intact female mice (Benedek et al. 2016 ), OVX female mice had a significant decrease in the frequency of CD4 + T cells and showed no difference in the frequency of CD19 + B cells. Male mice however, showed a significant increase in the frequency of CD19 + B cells and no difference in the frequency of CD4 + T cells. The frequencies of CD11b + cells in male and OVX female mice treated with E2 were significantly decreased compared to sham treated mice. Intact female mice demonstrated no difference at 21 days post immunization in the frequency of CD11b + cells in E2 treated compared to sham treated mice (Benedek et al. 2016) . However, at both 8 and 14 days post immunization, the frequency of CD11b + cells was significantly decreased in intact female mice treated with E2 compared to sham treated mice. The male and OVX female mice were studied at 21 days post immunization.
Despite the difference in the frequency of CD19 + B cells between the sexes, E2 treatment resulted in all groups showing a significant increase in the frequency of the different Breg subsets in the spleen. Intact females (Benedek et al. 2016) , male, and OVX female mice treated with E2 had a significant , and plasmablasts (CD19 + CD138 + CD44 hi ) in the spleen compared to sham treated mice. This suggests E2 alone is enough to induce the differentiation of these three different Breg cell populations, all of which produce IL-10 and modulate T cell function (Ding et al. 2011; Iwata et al. 2011; Matsumoto et al. 2014; Matsushita et al. 2010) , during EAE. B cells are known to be important for E2 protection against EAE, as female μMt −/− mice, mice lacking B cells, are not protected from EAE when pretreated with E2 (Bodhankar et al. 2011) . Even the presence of B cells alone is not enough for E2 to protect against EAE. PD-L1 needs to be present on B cells in order for female mice to be protected from EAE. B cells from PD-L1 −/− mice did not restore E2 protection in μMt −/− mice while B cells from PD-L2 −/− mice did restore the protective effects of E2 in μMt −/− mice (Bodhankar et al. 2013 ). Intact female mice had a significant increase in the frequency of CD19 + PD-L1 hi cells in E2 treated mice compared to sham treated mice. E2 treated OVX female mice also had a significant increase in the frequency of CD19 + PD-L1 hi cells whereas there was no difference in the frequency of CD19 + PD-L1 hi cells in male mice. This suggests there are sex differences in the way E2 mediates protection during EAE as female mice appear to require PD-L1 expression on B cells while male mice are still protected without increasing the frequency of PD-L1 on B cells. It may be that the protection seen in male mice is mediated more by IL-10 than by direct cell to cell contact through PD-L1 interactions with programmed death receptor 1 (PD-1).
Bregs are known to secrete IL-10 and have also been shown to influence microglia polarization by secreting IL-4, resulting in more anti-inflammatory microglia (Bodhankar et al. 2015b ). The frequency of anti-inflammatory splenic macrophages (CD11b + CD206 + or CD11b + Arg-1 + ) is significantly increased in E2 treated intact females (Benedek et al. 2017) , male and OVX females during EAE compared to sham treated mice. These data suggest the increase in antiinflammatory macrophages is E2 dependent regardless of sex. There is a positive feedback loop that is established between Breg cells and anti-inflammatory macrophages as both cell types can increase numbers of the other cell type (Benedek et al. 2017) . It is possible that E2 sets off this positive feedback loop during EAE in both sexes and without the presence of endogenous estrogen.
Treg cells have a controversial role in mediating protection from EAE. Previous studies have demonstrated CD4 Treg knock out mice are still protected from EAE with E2 treatment (Subramanian et al. 2011) . Other studies have shown estrogen increases CD4 Treg cells (CD4 + CD25 + FoxP3 + ) in intact female mice during EAE (Polanczyk et al. 2005) . Even OVX female mice treated with E2 after the induction of EAE demonstrated some protection from EAE and an increased frequency of CD4 Treg cells (Haghmorad et al. 2016 ). Interestingly, intact female and male mice had a significant increase in the frequency of CD4 Treg cells in E2 pretreated mice compared to sham pretreatment, but OVX female mice had a significant decrease in the frequency of CD4 Treg cells in E2 pretreated mice compared to sham pretreated mice. This suggests other factors in addition to E2 are necessary to increase the frequency of CD4 Treg cells and these are absent in OVX female mice. One reason for the difference in the previous findings in OVX female mice is the time when E2 was administered (eg, within 30 min after the induction of EAE compared (Haghmorad et al. 2016 ) to 7 days prior to the induction of EAE). Another subset of Treg cells are CD8 Treg cells (CD8 + CD122 + ) which are protective after stroke (Bodhankar et al. 2015a ). Male and OVX female mice had a significant increase in the frequency of CD8 Treg cells with E2 pretreatment compared to sham pretreatment. There was no difference in the frequency of CD8 Treg cells in intact female mice pretreated with E2 compared to sham.
These data suggest middle range E2 pretreatment prior to EAE protects both sexes and is not dependent on endogenous estrogen. Some of the protective effects previously observed in intact female mice, like the effect on Breg cells and antiinflammatory macrophages, are strongly dependent on E2 treatment as the effects were present regardless of sex. Other immune modulating properties of E2 appear to be dependent on sex since intact and OVX female mice had similar responses and male mice had different responses, particularly with PD-L1 expression on B cells. While other effects, like changes in CD4 Treg cells, seem to involve factors other than E2, (eg. progesterone or estriol), intact female and male mice responded similarly and OVX female mice had an opposing response. This study highlights how E2 pretreatment can protect female and male mice, although the way in which E2 modulates the immune response in each sex is similar in some responses and different in others. In the end, each set of cells results in protection from EAE and should be studied further as potential therapeutics could arise from studying which cell types are most important in protecting each sex from MS. Additionally this study focuses only on the effect of E2 on immune function and not the differential effect between the sexes that E2 could have on neural cells in protecting the CNS from MS.
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